Abstract-The joint toxic effects of known binary and multiple organic chemical mixtures to the fathead minnow (Pimephales promelas) were defined at both the 96-h 50% lethal effect concentration (LC50) and sublethal (32-d growth) response levels for toxicants with a narcosis I, narcosis II, or uncoupler of oxidative phosphoralation mode of toxic action. Experiments were designed to define the degree of additive joint toxicity for mixtures of specific xenobiotics that are believed to act through a similar or different primary mode of toxic action. Our results support the general conclusion that concentration addition is expected for the joint toxicity of similarly acting toxicants. When chemicals were thought to act by a dissimilar mechanism, the combined effects we observed at both of the response levels tested were less than predicted by concentration addition, but usually more toxic than that predicted by the independent action/response addition model. It was demonstrated in multichemical mixtures that several toxicants can act together in a nearly additive fashion to produce effects even when they are present at concentrations below their individual no-observed-effect concentration. Concentration-response relationships for test chemicals at both the lethal and sublethal responses were defined for each of the three modes of toxic action studied. When normalized for potency, it was observed that one relationship could be defined to predict lethality to juvenile fathead minnows when exposed to individual chemicals with either a narcosis I, narcosis II, or uncoupler mode of toxic action. These sublethal relationships were similar for the narcosis I and narcosis II test chemicals, but a steeper response was observed for tests conducted with uncouplers.
INTRODUCTION
Surface waters may contain adverse levels of anthropogenic contaminants from many point and nonpoint sources. The joint toxic effects of these chemical mixtures to aquatic organisms, however, frequently are unknown. Therefore, establishing principles on how multiple toxicants jointly interact from a toxicological perspective are needed to provide technical support for chemical-specific regulations that are established to protect aquatic ecosystems. A majority of the toxicity studies defining the joint effects of known chemical mixtures to aquatic organisms have focused on lethality in short-term tests. Considerably fewer studies have addressed the combined effects of specific toxicants at both the lethal and sublethal levels, especially with fish species. Such information, however, is needed to provide a better understanding of the joint toxicity of chemical mixtures to aquatic organisms, and it is necessary when evaluating and predicting the hazard/risk associated with the presence of multiple pollutants in the environment. This study provides valuable information on both the lethal and sublethal toxicity of several organic chemical mixtures to a freshwater fish species.
After reviewing a considerable amount of information, the European Inland Fisheries Advisory Committee, in their 1980 report on mixture toxicity [1] , stated that it might be sufficient to assume that concentrations less than 0.1 of the threshold lethal concentration (i.e., concentration of toxicants near no effect levels) would make no substantial contributions to joint toxicity. This conclusion was based on the general assumption that, as the concentration of toxicants in a mixture are reduced to their levels of no effect or when more specific toxicity endpoints are studied, the potential for concentration addition is reduced. In a series of articles in more recent years on the joint toxicity of organic chemical mixtures, a different and more predictable picture has emerged. Deneer et al. [2] investigated whether low concentrations significantly contribute to the toxicity to Daphnia magna for a mixture consisting of 50 organic chemicals acting through the same narcotic mode of toxic action. The contribution of compounds present at 0.01, 0.005, and as low as 0.0025 toxic units (TU) to acute lethal toxicity was studied. The authors observed that the joint acute toxicity (lethality in 48-h tests) of a mixture of 50 nonreactive organic chemicals was predicted accurately by the model of concentration addition, even at concentrations of the individual compounds that are well below their no-toxic-effect level. When considering the results of several other authors, it can be expected that, if all compounds in a mixture act through the same primary nonspecific mechanism and have a common site of action, theoretically there is not a concentration below which a compound will no longer contribute to the overall toxicity of the mixture. In fact, the joint lethal and sublethal toxicity of various mixtures of nonreactive organic chemicals that act through the same mode of action (i.e., narcosis) has been found to correspond closely to the activity expected on the basis of concentration addition, and has been reported by numerous authors for relatively complicated mixtures [3] . Similar results also have been reported for multicomponent mixture toxicity studies for toxicants with more specific modes of toxic action [4] [5] [6] [7] [8] [9] [10] . In all of these circumstances, compounds act as dilutions of each other, and the overall effective concentration can be calculated by adding up the toxic units of all compounds. In general, concentration addition is regarded as a reasonable expectation for the joint toxicity of similarly acting toxicants.
If compounds of a heterogeneous mixture have different toxic sites and dissimilar modes of action, then concentration addition may not be expected because the compounds no longer can be considered to act as dilutions of each other. Under such circumstances, the model of independent action (i.e., response addition) is assumed. It is one of the premises of this concept that joint action effects will not occur when the individual effects of each component are zero. It generally has been found, however, that the joint toxicity of organic chemicals with different modes of action is partially additive to near concentration-additive for both lethal and sublethal effects to various aquatic organisms [8, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Although joint toxicity at the sublethal level is reported to be lower than at lethal levels, it generally can be concluded from the published literature that the toxicity of heterogeneous organic chemical mixtures is much greater than that of the individual chemicals alone and, in many cases, may be approximated by the concentration-additive model. The usefulness of the concept of concentration addition for describing the joint effect of toxicants on aquatic organisms based on data from 1972 to 1998, was assessed in a paper by Deneer [19] where most of the surveyed studies dealt with lethality. It was concluded that, for more than 90% of 202 mixtures in 26 studies, concentration addition was found to predict effect concentrations correctly within a factor of two and that instances of significant synergistic effects are few. In a study of the joint algal toxicity of 16 dissimilarly acting chemicals, Faust et al. [20] observed that the concept of independent action (r ϭ 0) was predictive of their results. They reported, however, that low concentrations of strictly dissimilarly acting individual mixture toxicants, not exceeding individual no-observed-effect concentrations, still contributed to the observed overall toxicity. When the model of concentration addition was assumed, an overestimate of mixture toxicity was observed, but the difference between observed and predicted effect concentrations did not exceed a factor of 3.2, and there were situations where the differences became negligible. Therefore, in general, these findings support previous studies that indicated near concentration-additive action of mixtures of dissimilarly acting substances. Although deviations from a concentration-additionpredicted toxic response do occur for certain mixture combinations, it was concluded by van Leeuwen [21] that the assumption of concentration addition still may serve as a useful but precautionary reference point to predict or describe the joint action of diverse organic compounds, even for those with dissimilar modes of action. It is apparent from the literature, however, that more information comparing the joint effects at lethal and sublethal toxicity endpoints is needed, especially for tests conducted with fish species. Therefore, the objective of this study was to define the degree of concentration addition found for mixtures of certain xenobiotics that are thought to act through a similar or different mode of toxic action for the acute mortality and sublethal growth toxicity endpoints and for a freshwater fish species, the fathead minnow (Pimephales promelas). The industrial organic chemicals tested during our study were thought to exert their primary mode of toxic action by baseline narcosis or narcosis I [22] , polar narcosis or narcosis II [23] , oxidative phosphorylation uncoupling [24] , or electrophile/proelectrophile reactivity [25, 26] .
MATERIALS AND METHODS

Test water and fish
The test water obtained from Lake Superior, USA, was described previously [27] . Following sand filtration, the test water had a water hardness and alkalinity of approximately 45 and 42 mg/L as CaCO3, respectively, and a pH of 7.8. The dilution water was fed to test systems from stainless steel headboxes after it was heated and aerated vigorously to remove excess dissolved gases. Dissolved oxygen concentrations in the test chambers and for all tests were at or above 80% saturation.
The test organisms were embryos (Ͻ24 h old after fertilization) or 26-to 34-d-old (weighing approximately 150 mg) laboratory-cultured juvenile fathead minnows (Pimephales promelas). The spawning stock and juveniles were cultured on recently hatched brine shrimp nauplii (Artemia sp.) and frozen adult brine shrimp. All culturing was conducted at 25 Ϯ 1ЊC. Numerous lots of juvenile fish were used throughout the study in different acute toxicity tests. However, the sensitivity of various lots of fathead minnows to the reference toxicant 1-octanol was demonstrated to be quite uniform during a previous testing period [27] .
Testing conditions and apparatus
The continuous flow-through water delivery and toxicant introduction systems were described previously [27] . One exception was that the twin diluter system used for the binary tests contained a total of four controls in duplicate and four treatment levels also in duplicate and usually at each of six mixture ratios. These treatments containing 1 L of test solution were distributed randomly between the two diluters. This gave a total of 24 treatments plus four controls in duplicate. The six fixed toxicant mixture ratios used to define the binary isobole diagrams as generated in this study were 5:0, 4:1, 3: 2, 2:3, 1:4, and 0:5. These ratios are based on the relative potency of the individual test chemicals. The diluter used for equitoxic multiple chemical tests had one control and five treatment levels in duplicate. The treatments in these tests contained 2 L of test solution. The toxicant concentrations followed a geometric series (usually 0.6 dilution factor) for all tests. The total concentration of the toxicants was varied in an attempt to obtain a complete concentration-response relationship for each test. The diluter operation, toxicant preparation and delivery, glass test chambers, and physical/chemical conditions were very similar to that described previously [27] . The experiments with mixtures were conducted under similar flow-through conditions, as were the experiments with single compounds.
Chemical analysis
Almost all test chemicals were purchased from Aldrich Chemical (Milwaukee, WI, USA), with only a few supplied by other commercial companies. Regardless of source, all chemicals were of a high level of purity (i.e., 95% or greater) and were not repurified before testing. No solvent carriers were used and all toxicants were tested at concentrations below their Toxicity of mixtures to the fathead minnow Environ. Toxicol. Chem. 24, 2005 3119 reported water solubility. Stock solutions were corrected for pH if outside the range of 7 to 8 using either NaOH or HCl.
Analytical methods used and analysis-monitoring schedules followed were as described previously [27] . Methods of chemical analysis included high-pressure liquid chromatography with ultraviolet or diode array/fluorescence detectors, and gasliquid chromatography with flame ionization or electron capture detectors. Samples of all test solutions were taken from the test chambers and toxicant mixing trays and analyzed according to a monitoring program that characterized the toxicant exposures. Duplicate measurements were made routinely with each analytical series to define the reproducibility (precision) of the measurements. Percentage duplicate agreements usually were greater than 90%. To verify the accuracy of the method of analyses, known amounts of toxicant were added to control water so that toxicant concentrations could be corrected routinely for spiked water recoveries. At least one spike sample was prepared for each sample set. A mean percent recovery of 90 to 110% usually was observed. All statistical/model analyses were based on measured concentrations.
Testing procedure
Our general approach was to study the relationship between toxicant concentrations and whole-organism responses by conducting 96-h acute and 32-d early life-stage (ELS) tests. Complete concentration-response relationships were defined for each of the individual compounds and for certain mixtures. The degree of additive toxicity found for mixtures of certain xenobiotics was investigated through a series of binary and multiple chemical mixture experiments. These tests were designed to determine how chemicals with a similar or different primary mode of toxic action act jointly when the endpoint criterion studied include both a lethal (96-h 50% lethal effect concentration [LC50]) and sublethal (32-d growth) response. Based on acute binary toxicity results [17] , various combinations of two toxicants were tested to see what type of isobole diagrams would be generated.
The acute toxicity tests to determine 96-h LC50 values were conducted according to a standard American Society for Testing and Materials experimental procedure [28] and as described previously [27] . By exposing groups of test organisms to a range of concentrations in continuous flow-through systems for separate, binary, or equitoxic multiple chemical mixtures, the percentage mortality in 96-h was determined for numerous tests. Toxicity tests were conducted initially with individual toxicants and expanded subsequently to numerous binary test solutions and multiple toxicant mixtures. All isoboles of acute joint toxic action were determined for the 96-h LC50 response level. A plot of 96-h LC50 values and 95% confidence limits was constructed as test data allowed for each binary mixture.
The procedures for conducting flow-through sublethal tests (32-d) with fathead minnows were similar to those described by the American Society for Testing and Materials [29] . Early life-stage tests were conducted with newly spawned embryos (Ͻ24 h old after fertilization) from our adult fathead minnow brood stock. The embryos were added five at a time into 56 different egg cups, which then randomly were added to the treatment and control chambers so that each tank received one cup. In this manner, 40 embryos were added to each of the replicated treatment levels and controls. Usually the embryos were acclimated to the test chambers for 2 to 3 h before introduction of the toxicants. The egg cups were oscillated continuously at approximately 1 to 2 rpm on a rocker arm assembly until the fry hatched. This usually would take about 48 h. At 24 h, the cups were inspected and, where possible, the dead embryos and prematurely hatched fry were removed. At about 48 h when the fry had hatched, they were thinned randomly to a maximum of 20 per egg cup. The fry were fed newly hatched brine shrimp for the first time at about 96 h after test initiation and before egg sac reabsorption. After about 120 h when all had hatched, the surviving fry were released into the test chambers where they were fed newly hatched brine shrimp (Ͻ24-48 h old) twice daily and remained until the test was completed at about 32 d. Terminal survival and individual wet weight (blotted dry) were used as the response variables in these ELS tests.
Data analysis
Concentration addition was predicted when the chemicals were assumed to have the same mode of toxic action. For this pattern of multiple toxicity, two or more subthreshold substances contribute to a threshold or greater effect in proportion to their respective relative potencies. With consideration for differences in potency, the magnitude of the effect elicited by similarly acting constituents can be predicted by the following formula:
where E ϭ a common x% effect, C s1 , · · ·, C sn ϭ concentrations of similarly acting constituents that produce a particular magnitude of x% effect, and n ϭ number of test chemicals. Throughout our assessments, we employed the toxic unit (TU) [30] and isobole diagram [31] methods that are derived from the concentration-addition model. Experiments were designed to differentiate between less-than-additive, additive, and more-than-additive joint toxicity. Using the toxic unit concept, all concentrations of chemicals were converted to TUs according to the following formulas:
where C i ϭ actual concentration of component i, and LC50 i ϭ LC50 of component i or EC xi ϭ a common x% effect of component i as determined from the individual toxicity tests. The concept of independent joint action or response addition assumes that the chemicals elicit their effects through different modes of action and do not have interaction with each other, but contribute to a common whole-organism response. In this case, the response of the mixture (R mix ) is calculated from the combined responses of individual chemicals (R i ) according to
where it is assumed that there is no correlation between tolerances of the test organisms to each of the toxicants (r ϭ 0).
In the 96-h toxicity tests, mortalities were recorded daily, and an estimate of the LC50 and its 95% confidence limits was determined by the trimmed Spearman-Karber method [32] . The 96-h LC50s from the binary mixtures were used to construct isobole diagrams of joint toxic action for the 50% response level. The data on combined effects of binary mixtures were analyzed by comparison of the observed results with that expected for the concentration-or response-addition models [33] . The toxicity of multiple chemical mixtures and their 95% confidence intervals (CI) at the 50% response level also were determined. The results from the multiple toxicant mixtures were analyzed by comparing TUs calculated for the mixture with that expected for a strictly additive response (i.e., TU ϭ 1). Mixtures that resulted in 95% CI for multiple chemical mixtures that overlapped 1.0 were judged to be additive and would lead to the specified effect even though the concentration of any one may be below toxic levels. Ninety-five percent CI that did not overlap 1.0 either were less than or more than concentration additive in their joint toxicity. Growth (final wet wt) was selected as the graded sublethal response for the ELS studies because it represents an integrated activity of the whole organism. For the ELS tests, growth was defined as the wet weight of a fathead minnow at the end of a 32-d experiment. The concentrations that reduce the growth by 50 or 20% compared to the controls (i.e., EC50 and EC20 values) were calculated from a toxicity relationship analysis program developed by Erickson [34] . With this program, the effects of toxicants on wet weight of fathead minnows from early life-stage toxicity tests were analyzed by weighted leastsquares nonlinear regression analysis of the dependant variable y (i.e., wet wt) versus the independent variable x (i.e., toxicant concentration). Three mathematical forms of the regression curves that were used are the logistic equation, piecewiselinear, and piecewise-tailed regression. The regression using the logistic equation produces a sigmoid-shaped curve with infinite tails, a form similar to probit analysis. Piecewise linear regression produces an effects curve in which the effects variable is constant at a control value below a threshold exposure (EC0) and declines linearly above this threshold until it reaches a value of zero at some finite exposure (EC100). The piecewise tailed regression provides a curve that is sigmoid shaped like the logistic equation, but has finite tails and, thus, a finite EC0 and EC100 like the piecewise linear regression. The wet weight of fathead minnows that survived from each individual ELS toxicity test was analyzed by these three regression models. The model that provided the best visual and statistical fit to the experimental data was used to define the test results. Usually that was the piecewise linear or piecewise tailed regression model. A logarithm exposure variable transformation was used in all regression analyses to improve error homogeneity in regression analyses. The analysis provides final estimates for the regression parameters, their standard errors, and 95% confidence limits of the best estimate of mean effects. These EC50 estimates and confidence limits then were illustrated graphically.
The method of isoboles does not include procedures that are helpful in deciding whether deviations from the line of additivity are systematic or simply due to chance or experimental error. One way to deal with this problem was to calculate statistical confidence intervals for the iso-effective concentrations of the single compounds and, thereby, provide a confidence belt to the additivity line. Deviations from additivity were defined when the effect concentrations of the combined substances do not overlap the confidence belt of the additivity line. The results were taken to be consistent with the hypothesis of concentration addition when the LC50 or EC50 values for the various mixture ratios usually were within the 95% confidence belt of the additivity line in an LC50 or EC50 isobologram, and the trend for the data supports an additive response.
RESULTS
Toxicity results for the 30 individual toxicants tested in this study are presented in Table 1 ; in terms of their respective LC50 and EC50 or EC20 values, effects ranged over four orders of magnitude.
The first two sets of chemicals selected for binary testing were thought to be strictly additive in both their lethal and sublethal joint toxicity. These binary mixtures included trichloroethylene (narcosis I) with pentachloroethane (narcosis I), and 2,4-dinitrophenol (uncoupler) with 4-phenylazophenol (uncoupler). The results of these tests are presented as isobolographic plots in Figure 1 . It was observed that the joint toxicity of these two sets of chemicals adequately is described by a strictly additive/concentration-additive model for both the 96-h lethal response and the 32-d EC50 reduction in growth endpoints. These results can be confirmed, because mean observed effect concentrations usually are within or very close to the 95% confidence belt of the additive line and clearly are different from those predicted by independent action (r ϭ 0). These results are in agreement with the toxicological assumptions that form the basis of the model of concentration addition, which states that when components of a mixture act by a similar mode of action within physiological systems, a strictly additive joint toxicity is predicted.
The second group of chemicals consisting of a narcosis I, narcosis II, and an uncoupler of oxidative phosphoralation were combined in various binary mixtures to demonstrate how chemicals act jointly with a suspected different primary mode of toxic action. In these tests, the concept of independent action/response addition (i.e., less-than-strictly additive) would be predicted when mixture components act on dissimilar systems within the organism but lead to a common overall effect. In the first binary mixture, trichloroethylene (narcosis I) was combined with 4-nitrophenol (narcosis II). A slightly lessthan-strictly additive response was observed (Fig. 2) for the 96-h lethality endpoint (except for one unexplained point) and also for the 32-d EC50 growth endpoint. When trichloroethylene (narcosis I) was tested with 2,4-dinitrophenol (uncoupler), less-than-strictly additive 96-h lethality and 32-d EC50 growth responses were observed (Fig. 2 ). This conclusion is proposed even though 95% CI could not be calculated for two points in the acute exposures because of a lack of partial kills. When 2,4-dinitrophenol (uncoupler) was tested with 2-phenyl phenol (narcosis II), less-than-strictly additive 96-h lethality and 32-d EC50 growth responses also were observed (Fig. 2 ). This conclusion is proposed even for the acute test, where the effects for three of the mixture ratios are very close to the upper bound for the 95% confidence belt of additive toxicity, but the general trend for the data are slightly less-than-strictly additive. When the nonreactive pentachloroethane (narcosis I) was combined with the reactive hexachloro-1,3-butadiene, a less-than-additive lethal response was observed. The sublethal response from the 32-d ELS exposure, however, differed from the acute results in that the EC50 effect level response was nearly strictly additive. Wide confidence intervals due to shallow concentration-response relationships for the mixtures and for the individual test chemicals, however, cast uncertainty on these conclusions. The extent of sublethal joint toxicity is much greater, however, than is expected, because these two chemicals generally are thought to be quite dissimilar in their primary mode of toxic action. It also should be pointed out that none of the observed responses for both the lethal and sublethal endpoints for the binary results obtained during this study can be defined by the independent action/response-addition model.
Multiple chemical toxicity tests also were conducted; one test with seven chemicals in an approximately equitoxic mixture ratio was represented by seven different chemical groups where all chemicals were expected to have the same narcosis I-type mode of toxic action. This group of chemicals included: Pentachloroethane, trichloroethylene, 4-methyl-2-pentanone, mary of the joint toxicity of these equitoxic chemical mixtures is presented in Table 2 . It is noted that no acute toxicity test was conducted for the seven narcosis I chemical mixture, but it is reasonable to assume that these chemicals would act by a strictly additive-type mode of action as documented by Broderius and Kahl [27] for similar mixtures containing up to 21 chemicals. A TU value of near 1.0 is indicative of a strictly additive/ concentration addition-type joint toxicity for the mixtures presented in Table 2 . For the seven-chemical mixture, it was observed that a TU for the sublethal endpoint of 1.10 is very close to that predicted for strict addition/concentration addition (i.e., 1.0). The upper and lower 95% confidence bounds of the summed TUs bracket the expected value of 1.0 and, thus, confirm concentration addition of the chemicals in this mixture. Therefore, mixtures with seven chemicals acting by the same mode of action were determined to act in an additive manner both for short-term lethal and longer-term sublethal [27] . d Because of the lack of partial kills in the four-chemical acute test, the confidence limits for TU were calculated from the highest no effect (100% survival) and lowest effect concentration (0% survival).
endpoints. The four-chemical mixture contained toxicants that display a different primary mode of toxic action, but also produced a joint toxic action that was not markedly different from being concentration additive. The acute response at 1.47 TU was less additive than the EC50 sublethal response at 1.28 TU. The response for the four-chemical mixture can be characterized as less than concentration-additive for both endpoints but greater than an independent/response-additive type of joint toxicity. These general observations reported at the lethal and one sublethal level also are observed at the EC20 level in the ELS tests. Therefore, it can be concluded that when several toxicants are present in mixtures at low concentrations relative to their individual toxicities, an additive to slightly less-thanstrictly additive toxic effect can be observed. This is true even when the toxicants are not related chemically and exhibit different primary modes of action when acting alone. We also observed that concentrations of toxicants at and below a measurable-effect threshold can contribute to the overall toxicity even when they are thought to have different primary modes of toxic action. Thus, it can be concluded that joint toxic effects can occur for dissimilar-acting chemicals at low exposure levels below a nonobservable-effect concentration.
The acute toxicity to juvenile fathead minnows for four different mixtures containing three, six, nine, or 12 chemicals was determined for industrial organic phenols with a narcosis II mode of action. The 12 phenols tested included: Phenol, 3-methoxyphenol, 4-nitrophenol, 2-chlorophenol, 1-napthol, 2,4-dichlorophenol, p-tert-pentylphenol, 2,4-dimethylphenol, 4-ethylphenol, 4-propylphenol, 4-chloro-3-methylphenol, and p-phenoxyphenol. The results of these experiments are presented in Table 2 . The toxic units for the four equitoxic multiple chemical tests were 0.926, 1.011, 1.008, and 1.085, respectively. Even though the relatively narrow 95% CI on the TU measurements did not overlap 1.0 in two of the mixtures, the TU values for all four tests are very close to 1.0. Thus, the data provide additional information to support the observation that several chemicals with a similar primary mode of toxic action can act in a strictly additive/concentration-additive fashion (i.e., TU ഡ 1.0).
The concentration-response relationships for both lethal and sublethal responses were defined for chemicals with a narcosis I, narcosis II, or uncoupler primary mode of toxic action. The chemicals that were used to define the acutely lethal responses for the narcosis I, narcosis II, and uncoupler modes of action are indicated in the following references: 27 chemicals in Table  1 of Broderius and Kahl [27] ; the first 10 chemicals from Table  1 of Veith and Broderius [23] plus phenol, 2-amino-2-nitrophenol, and 2-chloroaniline; and 10 chemicals in Table 5 of Broderius et al. [17] . The concentration-response relationships for the individual test chemicals and for their responses when normalized to the potency of 1-octanol, phenol, or 2, 4-dinitrophenol are presented in Figure 3 . It is observed that, for all three different modes of action, the concentration-response relationships for probit mortality versus log molar toxicant concentration for the individual test chemicals can be normalized to a well-defined relationship for each mode of action with linear regression r 2 values equal to or greater than 0.67. If the concentration-response relationships for all 50 different test chemicals used to define the acute mode of action specific concentration-response relationships are normalized to the potency of 1-octanol, then one concentration response relationship with a r 2 of 0.673 and for n ϭ 208 was defined (Fig. 4) . Such a well-defined relationship gives support to the contention that, if one can normalize for the potency of a chemical with a primary acute mode of action that is characterized as being a narcosis I, narcosis II, or an uncoupler, the acute concentration-response relationship for such a chemical and for tests with the fathead minnow can be characterized approximately by the same response relationship (i.e., y ϭ 53.9 ϩ 12.2 x where y ϭ probit mortality and x is log molar toxicant concentration as normalized to the potency of 1-octanol).
The sublethal concentration-response relationships for the test chemicals grouped by mode of action in Table 1 and as defined for 10 narcosis I (not including 1,3-dichlorobenzene Environ. Toxicol. Chem. 24, 2005 S.J. Broderius et al. and naphthalene), 4 narcosis II (not including 2,4-dimethylphenol and 2,4-dichlorophenol), and 4 uncoupler chemicals are plotted in Figure 5 . The 3,4-dichloroaniline and 2-phenyl phenol toxicants were considered to be both narcosis I and II chemicals [23] . These responses define a relationship between the test-specific control normalized mean wet weight and the log molar exposure concentration as normalized to the EC50 potency of 1-octanol. These relationships are very similar for the narcosis I and narcosis II test chemicals, as indicated by a piecewise linear regression model defining the pooled responses (i.e., y ϭ Ϫ4.78-1.28 x where standard error of slope ϭ 0.0534). The response for uncouplers, however, is slightly steeper (i.e., slope ϭ Ϫ2.50), and thus the ELS results for terminal wet weight cannot be combined into one concentration-response relationship for the three modes of action, like that which was possible for the 96-h lethality response (Fig.  4) .
By setting y in the various concentration-response regression equations defined above for tests with fathead minnows to 5 as an acutely lethal probit value or 0.5 for the controlnormalized mean wet weight sublethal response, one can calculate the x intercept for a chemical-specific concentrationresponse relationship from a known slope and for a chemicalspecific LC50 or EC50, respectively. In this manner one can estimate a concentration-response relationship for fathead minnows exposed to a narcosis I, II, or uncoupler chemical from its determined or predicted 50% effect level, calculated x intercept, and relationship-specific slope function defined for equations presented in this paper.
DISCUSSION
The results presented in this study provide support for a methodology that can be used to estimate the toxicity to aquatic organisms of certain organic chemical mixtures that might be found in surface waters. Based on the literature and our studies, it is concluded that, when a group of chemicals with the same primary mode of toxic action is present in an aquatic system, it seems likely that one would be justified in applying the principle of concentration addition to such a mixture when predicting its toxicity. The general consensus is that the toxicity of chemicals with a narcotic mode of action is predictable by concentration addition and that this model even could be used for the setting of water quality objectives/criteria for mixtures with a narcotic mode of action (e.g., [8, [35] [36] [37] ). The concentration-addition model may not be appropriate for estimating the multiple toxicity of mixtures containing reactive organic toxicants with different specific modes of toxic action. However, even when certain specific-acting chemicals are present, they can contribute to the total potency of a mixture for both lethal and certain sublethal responses that usually are not markedly different from that predicted from concentration addition. Thus, our results with a freshwater fish support what several other authors generally have observed for a variety of organisms and endpoints, in that mixtures of dissimilar-acting industrial organic chemicals usually show combined effects that are less than predicted by concentration addition, but are more toxic than that predicted by response addition. A proposal to use a combined model for predicting the joint effect of toxicants in a mixture was made by Altenburger et al. [38] . With this approach, concentration addition is proposed for those chemicals with a similar mode of action and then response addition for the joint toxicity for the various defined similar acting groups. This approach was observed to be predictive of the observed toxicity to algae for chemicals identified in a riverine sediment. After testing numerous binary mixtures of industrial organic chemicals, Broderius et al. [17] observed that, except for only a few mixtures, the joint toxic action for such chemicals can be characterized by an additive or less-than-additive interaction. In our studies, antagonistic/interactive responses were quite rare (e.g., 1-octanol in binary tests with aniline, 2-chloroaniline, 2-chloroethanol, or 4-methoxyphenol), and only when phenol was tested in binary mixtures with each of six other chemicals (i.e., 4-bromoaniline, 4Ј-chloro-3Ј-nitroacetophenone, 3-hydroxy-2-nitropyridine, 2-nitrophenol, and 2,4,6-tribromo-or 2,4,6-trichloro-phenol) did we see a markedly more than additive joint toxicity. These results are consistent with the observations reported in two review articles [3, 19] on the toxicity of numerous and diverse chemical mixtures to aquatic organisms from studies conducted over the past three decades. Similar observations have been reported in more recent studies, and the infrequently observed morethan-additive-type response most often has been associated with the presence of specific acting toxicants like pesticides [39] .
Attempts have been made to explain why mixtures of chemicals with apparently diverse modes of toxic action display a joint toxicity that, although not strictly concentration-additive, do display considerable joint toxicity. Some researchers believe that it is unlikely that the toxic action of many industrial organic chemicals is limited to one specific mechanism (i.e., interaction with a single specific receptor), but that individual components of a mixture may, in addition to having different primary modes of action, also cause common dose-dependent secondary effects by one or more different mechanisms (e.g., nonpolar narcosis). These latter effects will contribute to the overall toxicity of a mixture and, thus, to the observed partial additive toxicity that often is found. It also is proposed that these secondary effects that contribute to the joint toxicity can be minimized by conducting mixture tests where a more specific parameter than lethality for the principal toxic mechanism (e.g., a biochemical marker) of each toxicant is investigated. In this way the degree of addition of the joint toxicity would be dependent upon the toxicity criterion used. When lethality is used, the joint toxicity may correspond closely to concentration addition. When enzyme inhibition is used as the endpoint, the additive toxicity could be substantially less. Deneer et al. [16] concluded that, when dealing with compounds acting through different modes of action, an increase of the specificity of the endpoint studied will lead to a decrease in additive toxicity in the joint action of the mixture. They suggest that the differences in toxic action of the mixtures at different concentrations were due to the chemicals causing toxicity by different, multiple modes of action. It might be expected that our results with the fathead minnow and for the nonspecific whole-organism lethality and growth endpoints may provide support for this hypothesis. In fact, we did not see a decrease in the degree of joint toxicity as the toxic endpoint changes from a lethal to a sublethal response and for the chemicals tested. It may be that the two whole-organism responses we tested show a different sensitivity but are not that much different in specificity, so that the degree of joint action observed did not differ much between the two endpoints tested.
In our opinion, Plackett and Hewlett [40] offered another quite plausible explanation for such results. They concluded that, because the toxic effects that we in aquatic toxicology routinely measure are on a high level of organization (i.e., whole-animal-integrated responses like death or inhibition of growth or reproduction), it seems likely that the probability of independent action of toxicants decreases as the number of components in the mixture increases. Our results support this hypothesis because we observed that, when only four substances exhibiting different primary modes of toxic action when acting alone are present in mixtures at concentrations below the level exerting their individual lethal and sublethal toxicities, near concentration addition of toxic effects approximately are observed. Thus, components of the mixture at or below no-effect concentrations contribute significantly to the toxicity of the mixtures on a lethal and sublethal basis. Therefore, our results support the proposal by Plackett and Hewlett [40] that whole-animal-integrated responses like death or inhibition of growth are well-defined endpoints, but are controlled at a high level of organization and, thus, are not very selective at discriminating chemicals that act by a different primary mode of toxic action. Because of this, for many industrial organic chemical mixtures, numerous researchers [19] have observed a joint toxicity to aquatic organisms that is much greater than no addition and better characterized by concentration addition than by independent action/response addition.
When normalized for potency, it was observed that one concentration-response relationship could be defined to predict the acute response of fathead minnows when exposed to individual chemicals with either a narcosis I, narcosis II, or an uncoupler primary mode of toxic action. This lends credence to the supposition that a concentration-response relationship cannot be used necessarily to identify groups of chemicals with a certain common mode of toxic action. The fact that one concentration-response relationship can be developed for the acutely lethal response of so many industrial organic chemicals with one of three modes of action provides valuable information for the hazard/risk assessment of these chemicals. The observation that such a relationship also can be defined for a sublethal effect for narcosis I and II chemicals also is significant. Just being able to provide well-defined concentrationresponse relationships for both lethal and sublethal responses for numerous chemicals with different primary modes of toxic action is an important contribution for the hazard/risk assessment of such chemicals.
